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Abstract

Diffusion of dissolved radionuclides in the pore water of compacted crushed salt in the
long-term is the most relevant process for the release of radionuclides from a dedicated
repository for high-level waste in a salt formation as has been shown in latest safety
assessments and research projects /BUH 16/.

So far, diffusion coefficients for free water have been applied for the diffusion in pore
water in models for long-term safety assessments. This conservative assumption was
used, because data on the diffusion coefficient of dissolved substances in crushed salt
have been missing. Furthermore, the diffusion coefficient in the pore water was as-
sumed to be constant and independent from the degree of compaction of the crushed
salt. The work presented in this report was intended to contribute to fill this gap of
knowledge about how the diffusion of radionuclides takes place in the compacted back-
fill of a repository in salt. For the first time, the pore diffusion coefficient as well as its
dependence on the porosity of the crushed salt was determined experimentally by

means of through-diffusion experiments using caesium as tracer.

The results achieved in this project suggest that the diffusion in compacted crushed
salt is not fully comparable to that in a homogeneous, temporally stable porous medium
like sand or clay. The results obtained from four diffusion experiments show a remark-
ably different behaviour and all yield unique concentration versus time plots which in-
cludes highly temporal variable tracer fluxes with even full interruptions of the flux for
longer periods of time. This effect cannot be explained by assuming a tracer transport
by diffusion in a temporarily invariant pore space and / or under temporally invariant
experimental conditions. From our point of view, a restructuring of the pore space
seems to lead to closed areas of pore water in the sample which may open up again

after some time, leading to a variable pore space and hence variable diffusive fluxes.

No reduction of the pore diffusion coefficient could be observed down to a sample po-
rosity of 2 %, and diffusion of caesium in the pore space of the compacted crushed salt
occurs with the same diffusion coefficient as in free water. Therefore, the approach
used in the long-term safety assessment so far, to apply the diffusion coefficient in free
water remains valid. However, the temporal change of the pore space in the crushed
salt might lead to a variation or reduction of the resulting diffusive tracer flux. To con-

firm this effect however, more experiments would be necessary.






Zusammenfassung

Die Ergebnissen neuerer Sicherheitsanalysen und Forschungsprojekte zeigen, dass
die Diffusion geldster Radionuklide im Porenwasser von kompaktiertem Salzgrus tber
grof3e Zeitrdume der wichtigste Ausbreitungspfad der Radionuklide aus einem Endla-
ger fur hochradioaktive Abfalle in einer Salzformation ist /BUH 16/.

Bis heute wurden in den Modellen zur Langzeitsicherheitsanalyse bei der Betrachtung
der Diffusion im Porenwasser die Diffusionskoeffizienten entsprechend jenen im freien
Wasser gewahlt. Diese abdeckende Annahme wurde getroffen, weil bisher keine Daten
fur Diffusionskoeffizienten von gel6sten Stoffen im Porenwasser von Salzgrus vorla-
gen. Weiterhin wurde bisher angenommen, dass der Porendiffusionskoeffizient unab-
hangig vom Kompaktionsgrad und somit von der Porositat des Salzgruses ist. Die in
diesem Bericht prasentierten Arbeiten wurden durchgefiihrt, um die Wissensliicke tber
die Diffusion im Porenwasser von Salzgrus zu verringern. Zum ersten Mal wurde dabei
der Diffusionskoeffizient von Casium im Porenwasser, sowie seine Abhéangigkeit von

der Porositat mit Hilfe von Diffusionsexperimenten bestimmt.

Die in diesem Projekt erzielten Ergebnisse deuten darauf hin, dass die Diffusion in
kompaktiertem Salzgrus nicht vergleichbar ablauft zu jener in typischen porésen Medi-
en wie Sand oder Tongestein. Die Ergebnisse von vier durchgefiihrten Diffusionsexpe-
rimenten zeigen ein deutlich unterschiedliches Verhalten und weisen alle deutlich un-
terschiedliche zeitliche Konzentrationsverlaufe auf, was auf einen zeitlich variablen
Fluss des Tracer schliel3en lasst. Dabei kommt es teilweise sogar zu einem volligen Er-
liegen des diffusiven Flusses durch die Probe. Dieser Effekt kann nicht mit einem zeit-
lich unveranderlichen Porenraum, bzw. zeitlich unveranderlichen experimentellen
Randbedingungen erklart werden. Eine mdgliche plausible Erklarung ist die Restruktu-
rierung des Porenraums in dem Probekérper zu abgeschlossenen Bereichen in der

Probe, die sich dann nach einer Zeit unter Umstanden wieder 6ffnen.

Es konnte in den Experimenten bis zu einer minimalen Porositat von 2 % keine Reduk-
tion des Diffusionskoeffizienten gegeniiber jenem im freien Wasser beobachtet wer-
den. Somit bleibt der bisher angewendete Ansatz in den Modellen der Langzeitsicher-
heitsanalyse gultig, namlich die Verwendung des Diffusionskoeffizienten in freiem
Wasser. Es ist allerdings nicht auszuschlieRen, dass die zeitliche Veranderung des Po-
renraums zu einer Verringerung des diffusiven Schadstoffstroms fihrt. Fir einen Beleg

dieses Effekts waren jedoch weitere Experimente notwendig.
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1 Introduction

During the last four decades, the strategy in safety assessments for high-level radioac-
tive waste repositories in salt formations has significantly changed. In the 1980s and
1990s, it was commonly assumed that a brine intrusion would take place during the
early stages after repository closure, when the convergence of the openings has not
yet reached the final state. In this case the advancing convergence in the salt formation
would lead to the squeezing of brine out of the repository. The advective transport of
brine, caused by the convergence, dominates the transport of contaminants in the safe-
ty assessments, thus they focused on the exact description of the contaminant
transport by advection.

The concept of safety assessments for high-level waste repositories has changed to
that effect, that the safe enclosure of the waste within the containment providing rock
zone (CRZ) is to be proven /DBE 08/. This includes the proof of the integrity of the rock
salt barrier and of the geotechnical barrier, preventing a brine intrusion into those parts
of the repository, where the waste is to be disposed of. Newer safety analyses in the
course of the preliminary safety assessment for Gorleben (VSG) and the project
ISIBEL have shown, that in the reference case, with the proven integrity of the barriers,
a contact of significant volumes of brine with the waste is generally to be expected only
at such a point in time, when the convergence of the openings has already reached its
final state /LAR 13/, /BUH 08/ and /BUH 16/. In this case, no flow of brines out of the
repository by displacement due to convergence occurs. Consequently, no advective
transport of radionuclides in the brine occurs either and diffusion is the only remaining
transport process for dissolved radionuclides expected evolution of the repository sys-

tem.

Even in less likely alternative evolutions of the repository system assuming the brine in-
trusion to take place due to a shaft failure, the influent brine will not necessarily fill all
open volumes within the repository, but at most only single emplacement fields, that
are located closest to the shaft. The relevance of advective transport of solution in the
repository caused by the convergence of the formation decreases subsequently and
the diffusion of dissolved radionuclides in the brine becomes more important with time
/BUH 16/.

Very long time frames are regarded in long-term safety assessments. During such time

frames, diffusive transport processes may dominate the radionuclide release from the



CRZ. After the failure of the containers, diffusive transport of dissolved radionuclides is
possible as soon as a continuous pathway of at least partly saturated connected pore
space exists in the backfill reaching from the waste through the drifts and the shaft up
to the biosphere — even in a repository mine, where the openings are already closed

with backfill and the convergence has reached its final state.

In models for long-term safety assessments, the diffusive transport is usually described
by Fick’s law. Accordingly, the transported amount of substance is directly proportional
to the macroscopic diffusion coefficient, which is the averaged value of the free diffu-
sion over a defined volume. This macroscopic diffusion coefficient takes into account
that the transport path of diffusion is not linear but has to follow an enforced longer path
around the grains of the material due to the warped pore space (tortuosity). In case of a
repository in a salt formation, the porous medium, through which the diffusive transport
takes place, is the crushed salt in its drifts and shafts, which is at least partially filled

with solution.

So far, diffusion coefficients for the free water have been applied for the diffusion in
pore water in models for long-term safety assessments. This assumption was used,
because data on the diffusion coefficient of dissolved substances in crushed salt have
been missing. Furthermore, the diffusion coefficient in the pore water was assumed to
be constant and independent from the degree of compaction of the crushed salt. For
other porous media like clays, it is well known that the pore diffusion coefficient is de-

creasing with porosity (e. g. /INAG 02/).

The dependence of the pore diffusion coefficient on the porosity of crushed salt was
not investigated in detail before. In case the pore diffusion coefficient turns out to be
dependent on the porosity, as has been proven for other porous media, it could be
possible, that the pore diffusion coefficient is reduced by a factor of one to two orders
of magnitude by compaction of the crushed salt, which would significantly lower poten-

tial releases of radionuclides from a radioactive waste repository in salt.

The diffusion coefficient of pollutants in the pore water of porous materials can be de-
termined experimentally e. g. by means of through-diffusion experiments /SHA 91/,
which is a well-tested procedure for different types of porous media. Main goal of the
project presented in this report was to determine for the first time diffusion coefficients
of pollutants in the pore water of compacted crushed salt with the aim to achieve a

guantitatively less conservative description of the diffusion coefficient of radionuclides



through compacted crushed salt with differing porosities in a repository in a salt for-

mation.

This report presents the results for the diffusion experiments performed. It first gives
the theoretical background of diffusion and the state of the art of diffusion experiments
in the chapters two and three. Chapters four and five than describe the methods and
materials used in the diffusion experiments. Chapter six finally describes the execution
and the results of the experiments. The final two chapters deal with consequences for

safety assessment and conclusions.






2 Theoretical background of diffusion

Diffusion is the movement of molecules as a consequence of their thermal energy. If
regarded on a molecular level, the movement of molecules in a fluid (liquid or gas) by
their thermal energy is described by Einstein’s theory of Brownian movement. If a con-
centration gradient of different types of molecules exists in a fluid, this movement re-
sults in a reduction of the concentration gradient until the fluid is perfectly mixed. Alt-
hough the thermal movement of the molecules continues after that point in time, the net
flux of molecules is zero /JOS 60/.

The net flux of transported molecules can be described by the phenomenological Fick’s
law of diffusion. According to that, the flux per surface area j is directly proportional to
the gradient of the concentration c¢. The proportionality factor D is called diffusion coef-

ficient and hast the unit m?/s. The resulting equation is called Fick’s first law:

j=-D-Vc (2.1)

Due to the nature of the diffusion as thermal Brownian motion, the diffusion coefficient
is depending on the temperature, the properties of the fluid and the diffusing molecule.
The diffusion coefficients for different chemical species are generally experimentally
determined for free water and the according diffusion coefficient is labelled Dy in the fol-
lowing. At 25 °C most species have a diffusion coefficient in free water in the order of

magnitude of 10° m?/s.

In a porous medium, diffusion of contaminants dissolved in the pore water actually
takes place only in the pore water itself, not in the solid matter. Therefore, the net diffu-
sive flux in a porous medium is reduced in comparison to the one in free water to the
diffusion-accessible porosity ngy In many materials it is observed that the diffusion-
accessible porosity is smaller than the total porosity n, of the porous medium, which
denotes the fraction of the pore water volume in the total volume of the rock /PEA 99/.
An example for the reduction of diffusion-accessible porosity compared to the total po-
rosity is the well-known anion exclusion effect for the diffusion of anions in the
pore water of clay-rich media. In the case of clays, this is due to the interaction of the
negatively charged clay surface with the anions, which are consequently repelled from
the surface and reside preferably in the central part of the pores. Hence, the Fick’s first

law in a porous media therefore can be written as



j=-n,:D,VC. (2.2)

An additional effect is the following: The diffusing contaminants in a porous medium are
typically not able to propagate straightforward through the medium due to the geometry
of the pore space. This effect is usually dependent on the porosity /BOV 01/, /LOO 15/.
Hence, the diffusion coefficient in the pore water which is called pore diffusion coeffi-
cient D, is further reduced by a geometrical factor G compared to that for free water
Dy:

D, =G-D,. 2.3)

The geometrical factor, which is depending on the diffusing contaminant, takes two ef-
fects into account which are often mentioned in the literature; the so called tortuosity
and the constrictivity /GRA 98/. The geometry factor is always smaller than unity and
was e.g. determined to be about 610 for Helium in the Opalinus Clay /RUE 02/. Typi-
cally, the geometry factor is not explicitly specified, but the pore diffusion coefficient is

used instead.

To use Fick’s first law in its form given in equation 2.1, an effective diffusion coefficient
is often defined taking into account all effects mentioned above related to the diffusion
in a porous medium:

Dyt = Ngirr - D, - (2.4)
A retardation of dissolved contaminants may occur by sorption processes as a conse-
guence of their interaction with the rock matrix, e.g. surface complexation or ion ex-
change. Different models exist to describe sorption processes. These models either
describe the sorption in a phenomenological way or they try to depict the sorption in a
mechanistic way. Isotherms are a phenomenological way to describe the sorption. The
so called Henry isotherm or equilibrium sorption model assumes a linear relationship
between the concentration of the sorbed and the dissolved contaminants. The quotient
of both concentrations is called distribution coefficient or for short K;-value in this mod-

el and the retardation factor Ryis determined by

R, =1+2°" 5K, (2.5)
n



where n denotes the porosity and p the bulk density of the rock. Rrcharacterises the re-
tardation effect of the sorption on the radionuclide transport. The so called apparent dif-

fusion coefficient D, finally includes the retardation factor

D, = (2.6)

and this is the type of diffusion coefficient usually determined in laboratory diffusion ex-
periments in rock and soil samples. For non-sorbing contaminants, the apparent diffu-

sion coefficient is equal to the effective diffusion coefficient.

As discussed above, the diffusive flux is inevitably reduced proportionally to the porosi-
ty of the rock. This effect is expected for any type of rock. Further reduction might apply

from the pore structure or an interaction of the contaminants with the rock matrix. To

separate these effects, a rock specific coefficient « is defined in the following by

o= a_ (2.7)

Accordingly, «a is less or equal one and gives the reduction of the diffusive flux by rock

specific effects. For « = 1, the diffusion is found to occur as expected with negligible in-
fluence on the diffusion process by rock-contaminant interaction or particular properties

of the pore space.






3 State-of-the-art of science and technology

The way how to determine diffusion coefficients can be directly derived from Fick’s first
law. The application of a concentration gradient results in a diffusive flux. By measuring
concentration gradients and mass fluxes, the apparent diffusion coefficient can be cal-
culated if an adequate experimental setup is used. The two most common diffusion ex-
periment setups are the so called through-diffusion and the in-diffusion experiments
/SHA 91/. Through-diffusion experiments regard the diffusion of a substance through a
porous medium and record the mass flux of the regarded substance at the sink. In-
diffusion experiments regard the diffusion into the medium and record the decrease of

the concentration at the source.

Sink

C, V5

A\ 4

Fig. 3.1 Schematic illustration of a through-diffusion experiment

A schematic illustration of such a through-diffusion experiment is shown in figure 3.1. A
sample of a porous medium is placed within a diffusion cell between two reservoirs of
fluid. The source reservoir is containing a fluid with a tracer substance of an initial con-
centration ¢;. The initial concentration ¢, of the tracer in the sample is zero. The tracer
concentration in the sink reservoir ¢, is also initially zero. The concentrations in the
sample and in the sink reservoir are evolving with time due to the tracer flux through
the sample. Different types of through-diffusion experiment setups are used. In the dy-
namic setup, the concentration in the source and the sink reservoirs are allowed to
change with time. In the static setup, the tracer concentration ¢, in the source reservoir
is kept at a constant level. This is guaranteed by pumping and circulating the fluid in
the source reservoir from a larger reservoir. The tracer concentration in the sink reser-

VOir ¢, is kept at zero by constantly replacing and collecting the fluid.



As a result of the concentration gradient between both reservoirs, a diffusive flux is
evolving with time. Equations to calculate the concentration profile in the sample and
the diffusive flux into the sink reservoir are given in the literature for the static as well as
for the dynamic setup (e.g. /CRA 79/). The solution for the concentration c(x,t) in the

sample at time t and position x is given for the static setup by:

—D,n’z%
|2

O

c(x,t) = c——cl+gi ls xp

el , (3.1)
T = n

where | denotes the length of the sample. For long times, this equation is converging

against the linear concentration profile of the steady-state:
X
c(x)=c, _Tcl' (3.2)

The time dependent tracer flux per second g at the sink boundary of the sample can be

calculated using the following analytical solution:

I I n=1

D.c, 2D.c, & . -D.nz%
) = 2:% 2P 5 () xp(,—”j ©3)

For t — oo the flux is converging against

(3.4)

For the dynamic setup the situation is different. In case the concentrations in the sink
and the source reservoirs are not influenced by external conditions during the experi-
ment, the steady-state conditions finally result in an equal mean concentration in both
reservoirs and in the pore water and the diffusive flux is zero. Therefore, the diffusion
coefficient in this case can only be determined during the pre-steady-state phase by fit-
ting modelling results to the experimental results. In the static case, the diffusion coeffi-
cients can be directly determined from the flux to the sink reservoir in the stead state

according to equation 3.4.
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Fig. 3.2 Normalised concentration in a sample of 4 cm length for different times of a
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Fig. 3.3 Normalised flux out of a sample of 4 cm length of a through-diffusion ex-
periment (D, = 5-10""" m?/s)
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To illustrate equations 3.1 to 3.4, an example for the concentration profile in the sample
and the tracer flux from the sample into the sink reservoir of a through-diffusion exper-
iment is shown in the Figures 3.2 and 3.3. A sample length of 4 cm and a diffusion co-
efficient of D, = 510" m?s is regarded in this example. The plotted concentration is
normalised by the concentration of the solution in the source reservoir, while the flux in-
to the sink reservoir is normalised by the flux at equilibrium as given in equation 3.4. It
can be seen how the tracer propagates into the sample. After 0.01 years, the concen-
tration reaches about 1.5 cm into the sample. The tracer front has not reached the end
of the sample, yet. Consequently, the flux from the sample is zero. After 0.1 years, the
tracer has already reached the end of the sample and the flux from the sample is about
30 % of the steady-state value. After one year, the experiment is in steady-state. The
tracer flux from the sample is constant and the concentration profile in the sample is
linear. According to Figure 3.3, the flux from the sample has reached 99 % of the
steady-state flux after 200 days. This is regarded as the minimum experimental dura-

tion of the experiment for the assumed boundary conditions.

As noted before, the advantage of the method of static through-diffusion experiments is
that after reaching the steady-state of the experiment, the diffusion flux can be deter-
mined by just measuring concentrations in solution, which is usually quite easy to
achieve. No additional modelling is needed. Additionally, the diffusion coefficient can
be measured repeatedly by continuing the experiment after reaching the steady-state
phase. This results in a reduction of the experimental error. The drawback of this
method is that the time needed to reach steady-state can be very long depending on
the diffusion coefficient and even exceed feasible periods for experiments by far, if
sorbing tracers are used. In this case, dynamic methods like the in-diffusion experi-
ments have to be used. Dynamic experiments can only be evaluated by fitting model-
ling results to the experimental results. In-diffusion experiments additionally require the
measurement of the concentration profile in the rock. A much higher experimental and

analytical effort is needed in this case and the experimental error might be larger.

Pre-existing knowledge on diffusion experiments is quite common, especially in the
context of radioactive waste disposal. Through-diffusion experiments are an estab-
lished method for measuring diffusion coefficients in porous rocks, like clay rock, e.g.
/LOO 03/, /IZHA 04/. Some experiments have also been conducted in granitic rocks of
very low porosity, e.g. /PAR 09/. In-diffusion techniques are less common because of
their higher experimental effort, but they are preferable for sorbing tracers e.g.
/LOO 05/, /ICHU 14/. Care has to be taken in both types of diffusion experiments of the

12



boundary conditions at the reservoir-sample interfaces, especially if filters are used in
the experiment which are often affecting the experimental results e.g. /ALD 14/,
IGLA 15/.

For crushed salt, no sorption of the tracer was expected, so it was decided to start the
experimental program with through-diffusion experiments. However, no pre-existing
knowledge exists on through-diffusion experiments using samples of intact rock salt or
compacted crushed salt. In comparison to the studies on clay rock or granitic rock men-
tioned before, this introduces two major challenges to be handled: The use of a sample
material which is soluble in water and the resulting need for the use of saturated solu-
tions, which are usually difficult to handle in the experiment and during measurement.
Therefore, to carry out through-diffusion experiments with samples of compacted
crushed salt, the existing methods have to be adapted, and new strategies have to be
developed.

13






4 Methods

Analytical methods for the determination of necessary data to characterize the crushed
salt samples, brine solutions, tracers, and boundary conditions of the performed exper-
iments, are described in this chapter. This comprises the generic description of analyti-
cal methods for lithological, mineralogical, chemical, physicochemical and physical pa-

rameters.

4.1 Gravimetric water content

The gravimetric water content of the crushed salt was determined via oven drying ac-
cording to DIN 18121-1 /DIN 98/. Therefore, crushed salt was placed in a muffle fur-
nace (BINDER, APT. Line ED(E2)) and dried at 110 °C until constant weight is reached
according to the instructions. Usually, 2 to 3 kg of the crushed salt was left in the muffle
furnace until the start of the experiments to prevent any hygroscopic water absorption

at contact with the atmosphere.

The gravimetric water content is calculated by

w="w 100, 4.1)
My

where w is the gravimetric water content [%], m,, the mass of the water [kg] and m, the

mass of the dry sample [kg].

4.2 Grain size analyses

The crushed salt was analysed for its grain size via granulometric sieve analyses ac-
cording to DIN 18123 /DIN 83/. Representative samples (chapter 6.2) were used. It
was decided not to wash the samples before analysis to avoid salt dissolution. Approx-
imately 1.5 kg of crushed salt was used for each grain size analysis. The crushed salt
samples were placed in a sieve stack with eight sieves with the mesh sizes 0.063 mm,
0.125 mm, 0.25 mm, 0.5 mm, 1 mm, 2 mm, 4 mm, and 8 mm. The sieve stack was
placed on a shaking device (Retsch AS200 control ‘g’) for 30 minutes. The single
sieves were weighed using a METTLER PM30000-K scale. Results were plotted on a

logarithmic scale depicting the through fraction of each sieve (chapter 5.2).
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4.3 Mineralogical analyses

The crushed salt was analysed by X-ray diffraction for its mineralogical composition.
This was done with the X’ Pert MPD PRO by PANalytical which is equipped with an X-
ray tube with molybdenum or copper anode. The primary ray has a characteristic wave-
length K of 0.71 A° for molybdenium, and 1.54 A° for copper. The x-radiation passes a
monochromator and a collimator. A monocrystal is placed and fine adjusted in the pri-
mary ray. A detector records the position and intensity of each reflex. The X Pert
MPD/MRD diffractometer runs as a closed system with integrated sample change. For
evaluation of the resulting diffractograms, the software X'Pert HighScore Plus by
PANalytical with the PANalytical ICSD Database (Inorganic Crystal Structure Data-

base) from 2009 was used.

4.4 Permeability

The permeability of the crushed and compacted salt samples was determined after
saturation of the samples with saturated brine directly in the diffusion cells. Therefore
the diffusion cells with the compacted samples were connected with tubes to a storage
reservoir with saturated brine. At each side of the diffusion cell, one of the two con-
nectors was closed using a stainless steel blind plug. The diffusion cell with the com-
pacted crushed salt sample was flushed with saturated brine by applying a slight ex-
cess pressure of nitrogen of ca. 0.5 bar to the reservoir container, resulting in a flow of
brine through the sample from one side to the other. The collected brine at the outflow
of the diffusion cell was weighed using a scale (METTLER PM6100 by METTLER
TOLEDO). The permeability was calculated via

_Qnl
K== (4.2)

where K is the permeability [m?], Q the flow rate [m*® s™], # the dynamic viscosity [Pas], |
the length of the sample [m], A the cross section area of the sample [m?] and p the ex-

cess pressure [Pa] applied to the brine storage reservoir.
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4.5 Grain density of the salt samples

The grain density of the salt samples was determined with the pycnometer method ac-
cording to DIN 66137-2 /DIN 04/. The measuring principle is based on the displace-
ment of gas in a pycnometer container. The empty pycnometer and the pycnometer,
filled entirely with a defined gas, are weighed. After cleaning and drying the container,
the object of investigation is added to the same container, the container is filled entirely
with gas and then weighed again. The grain density is calculated via

_ m, —m,
(ml _mo)_(ms _mz)

100 'pS! (43)

where p, the grain density of the salt [kg m™], mo.the mass of the empty pycnometer
container [kg m™], m,.the mass of the pycnometer container filled with solution [kg m™],
m, the mass of the pycnometer container with the object of investigation [kg m™], m, the
mass of the pycnometer container with the object of investigation filled with solution
[kg m™], and where p; the density of the solution [kg m™].

4.6 Porosity and density of the salt samples

The porosity of the compacted crushed salt sample was determined by means of geo-

metric calculation. The porosity is

n=1-2, (4.4)

£o

where n is the porosity [-], p the bulk density of the sample [kg m?] and p, the grain
density of the salt [kg m™].

The bulk density of the sample p is calculated by

, (4.5)

where m is the mass of salt used to prepare the compacted salt sample [kg] and V the

volume of the compacted crushed salt [m®].
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The uncertainty of the calculated sample porosity is quite large due the measurement
uncertainty of the sample properties. While the mass of the sample is measured before
compaction with the high accuracy of the scales, the sample length has to be meas-
ured after compaction which results in a significant uncertainty. The measurement of
the sample length is uncertain by at least 0.05 mm because of the rough and bent
sample surfaces resulting from the imprint of the surfaces of the sample holder during
the compaction process. The grain density of the sample was determined to be
2.182 g/cm? from the mean value from seven measurements with an uncertainty of
0.002 g/cm3. The uncertainty of the porosity resulting from the error of the given sample

parameters is calculated from

An = a—nAm +ﬂAp0 +@AL = 1 Am +ﬂi2APo +iizAL' (4.6)
am - Op, oL Alp, AL p; Apy L

where A4 is the sample surface area. An uncertainty of the porosity of 1.3 % is calculat-

ed for typical values for the mass, surface and length of the sample.

4.7 Density of the brines

The density of the brines was determined using a density oscillator by Anton Paar
(Density Meter DMA 5000M). The density oscillator measures the eigenfrequency of a
flexural resonator filled with the regarded sample. The samples were injected to the
device using nozzles by Braun (Inject-F, 1 ml). The density of the sample is calculated

and displayed automatically by the oscillator.

4.8 Main and trace elements of the brines

Chemical analyses of the saturated brines are challenging due to their high salt con-
centration. Different dilutions of the samples were necessary to be able to measure
main as well as trace elements. For chemical analyses, inductively coupled plasma op-
tical emission spectrometry (ICP-OES), inductively coupled plasma mass spectrometry

(ICP-MS) and potentiometric titration were used.
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4.8.1 ICP

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used for the
quantitative and qualitative determination of principal elements and element traces.
The utilised ICP-OES spectrometer IRIS Intrepid Il XUV is equipped with a low-noise
CID detector, features a radial or plasma-duo view, a 2000 W HF generator at 27.12
MHz and covers a wavelength range of 130 — 1050 nm. The ICP-OES was used to
measure sodium (dilution 1:31.5), potassium, magnesium and calcium (dilution
1:2,500), and sulphur (dilution 1:2,500; the corresponding sulphate concentration is
calculated automatically by the ICP-OES’ software).

Inductively coupled plasma mass spectrometry (ICP-MS) was used for the quantitative
and qualitative determination of traces and ultra-traces. The available ICP-MS spec-
trometer Thermo X Series has an integrated 1600 W “solid state” quartz-controlled 27
MHz ICP generator, works with the plasma screen plus technique, an “off-axis” high
performance quadrupole with abundance sensitivity and peak form mass filter and the
CCT technique. The mass range is 2 — 255 AMU.

ICP-MS was used to measure the concentrations of the tracers iodide and caesium
(chapter 5.4). The dilution of the samples varied between 1:200 and 1:200,000. The
minimum dilution of 1:200 is necessary to meet the acceptable limit of the measuring
system regarding the chlorine concentration of the brine. The diffusion experiments
were designed in a way that at the minimum dilution factor, the expected caesium con-

centrations in the sink reservoir are in the optimum measuring range of the ICP.

4.8.2 Potentiometric titration

The potentiometric titration was performed with a titration device Titrando 857. It is
equipped with a sample exchanger, a control and data unit, an automatic electrode
identification for the ion selective electrodes. The potentiometric titration was used here
to quantitatively determine the anions chloride and bromide in solution. Measurements

were conducted without a prior dilution of the samples.
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4.9 Temperature in the laboratory room

The temperature is a crucial aspect for running diffusion experiments with saturated
brines and salt samples. An increasing temperature leads to an increasing solubility of
salt, which has to be avoided in order not to alter the compacted salt samples. On the
other hand, a decreasing temperature could result in the precipitation of salt, as well
leading to an alteration of the compacted crushed salt sample. In the worst case, pre-
cipitation of salt crystals could cause clogging of tubings and fittings leading to the
abortion of the experiment.

In order to run the experiments under constant temperature conditions, the temperature
in the laboratory room, where the diffusion experiments were run, was controlled by air-
condition and monitored. This was done using a portable temperature measuring in-
strument ALMEMO 2290-8 by Ahlborn. The constant recording and evaluation of the
temperature data was performed using the AMR Win Control 6 software.
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5 Materials

Employed materials are the diffusion cells, the crushed salt used to prepare the com-
pacted crushed salt samples, the salt brine and the applied tracers. These materials
are described in the following.

5.1 Diffusion cells

The general design and setup of the diffusion experiments was already tested and ap-
plied during the project Fe-Bentonite on clay samples /HER 11/. According to the re-
gquirements of the experiments in this project, such as the different grain size of the infill
material and the different targeted porosities, the diffusion cells built and used in the
previous project could not be reused, but new diffusion cells had to be designed and
constructed. The company InfraServ Wiesbaden Technik GmbH & Co.KG manufac-

tured five diffusion cells as shown in figure 5.1. The original technical drawings provid-

ed by InfraServ are shown in Appendix A.
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Fig. 5.1 Construction design of the diffusion cells: General assembly drawing and

exploded view, after /INF 11/

In the following, the decisions for dimensioning and material selection of the cell are
described. The sample diameter and therefore the inner diameter of the cells have to
be chosen according to the grain size of the respective porous media. The Landesum-
weltamt Nordrhein-Westfalen /LUA 00/ recommends that the maximum grain size of a

porous medium used for column experiments should not exceed the one-fifth of the in-
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ner diameter of the column. This recommendation is targeted at column experiments,
where a homogeneous advective flow is a prerequisite for representative experimental
results. Here, the advective flow is to be prevented a priori. A homogenous distribution
of the grains in the cells can be ensured by setting the inner diameter of the cells to the
decuple of the largest grain /KRO 09/. To be able to relate the results of the diffusion
experiments to the experiences gained within the REPOPERM Phase 1 /KRO 09/ and
DEBORA /ROT 99/ projects, it was intended to use a grain size range of 0.06 to 8 mm.
Therefore the inner diameter of the cells was set to 8 cm.

The sample length is one important boundary condition of the diffusion experiments.
On the one hand it has to be large enough to ensure the development of a representa-
tive pore network. On the other hand, the length has to be small enough to reduce the
required time for the diffusion experiments to a reasonable extent. Preliminary calcula-
tions concerning the required time for the diffusion experiments revealed that a reduc-
tion of the sample length by half leads to a reduction the experiment duration by a fac-
tor of four. This is due to the fact that the distance of the tracer travelled through the
sample by diffusion is proportional to the square of the sample length. Valkiainen et al.
IVAL 96/ studied the effect of length in through-diffusion experiments on Rapakivi gran-
ite. They state that the effect of length on the results of the diffusion experiment shows
that the connectivity of the pores decreases with decreasing sample length. The de-
crease as reflected in the diffusion coefficient was only minor and for their purpose, a
sample length of 2 cm was regarded as sufficient. Other authors performed diffusion
experiments on different granites with samples of length between 0.5cm and 3 cm
(/HU 08/, ITAC 15/, IHAR 96/, ISKA 83/).

Another crucial aspect in choosing the proper sample length is the required initial inner
volume of the cell, i. e. the initial sample length before compaction. Depending on the
targeted porosity of the compacted salt sample, the initial filling height of the cell with
the loose crushed salt can be calculated assuming an initial porosity of the loose mate-
rial of approx. 40 %. Experiences with compaction of porous media in diffusion cells at
GRS show that the length of the cell has to be twice the length of the desired sample

length to reach the required compaction of the sample.

During compaction of the samples, the pressure is applied to the sample from one side.
This may lead to an inhomogeneous grain distribution and compaction along the direc-
tion of the sample compaction. We have not investigated the dependence of the homo-

geneity of the sample on the sample length, but visual inspections of compacted
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crushed salt samples suggested that minimizing the sample length leads to an increase

of the homogeneity of the sample.

Taking all above arguments into account and balancing between (i) the required homo-
geneity of the sample and the representative pore network within it and (ii) the resulting

experimental time, a sample length of 4 cm was chosen for the diffusion experiments.

In the course of the project Fe-Bentonite /HER 11/ diffusion experiments were con-
ducted using 90 % saturated salt brine. For these experiments, the inner diameter of
tubing and fittings was set to 1/8”. To avoid clogging of the tubes and connectors due
to precipitation of salt while working with saturated salt brine, the inner diameter of the
tubings was set to 1/4” where possible. Those tubings which could not be changed to
the inner diameter of 1/4” were those within the peristaltic pump (cf. experimental exe-
cution in chapter 6). These had an inner diameter of 1/16”. Also, the diameters of some
of the inner boreholes of the diffusion cell were initially set to 1/8”, which proved to be
insufficient during first diffusion experiments. The small diameters of these boreholes
were weak points of the construction, where only small salt crystals sometimes led to a
complete clogging of the flow path. Thus, it was decided to widen the diameter of the
inner boreholes of Pos. 5 and Pos. 10 (figure A.1) to 6 mm during the project. Simulta-
neously, connecting threads were widened to 1/4” and the milled surface of the flange

and the connection plunger (Pos. 5 in figure A.1) were deepened to 2 mm.

The diffusion cells are constructed in such a way, that the entire sample preparation as
well as the experiment itself can be carried out using them. This means, they are ro-
bust enough to withstand the compaction pressure. The loose salt sample is filled into
the void volume constituted by the flange (Pos. 1 in figure A.1) and the cover flange
(bottom panel, Pos. 10 in figure A.1). For some experiments, a spacer was placed at
the bottom of the diffusion cell during compaction. This spacer has a thickness of
0.5 cm and is made of Teflon. The sample is compacted in the diffusion cell by apply-

ing pressure to the main plunger (Pos. 2 and Pos. 10 in figure A.1).

The main parts of the cell including its body were manufactured from titanium to be cor-
rosion resistant against the saturated brines, to withstand the high pressures during
compaction and to have an acceptable weight to be handled. Accessory components of
the diffusion cells are different rings (Pos. 6 to Pos. 9 in figure A.1): Two guide rings
(Pos. 6) made of fine cotton fabric, one lip ring (Pos. 7) made of 90P (Polyurethan),

and two O-rings (Pos. 8 and Pos. 9) made of Nitrile Butadiene Rubber. Screw connec-
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tions between the diffusion cell and connected tubes are made of titanium, while con-
nectors and reducing connectors and made of Teflon. During assembly of the cells,
threads are lubricated with copper paste. Tubing used in the peristaltic pump (chapter

6) are made of Tygon®, while all other tubes are made of Polyvinyl chloride.

|
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Fig. 5.2 Photos of the different parts of the diffusion cell
Left row from top to bottom: top flange, body, sleeve nut

Right row from top to bottom: plunger, centering ring

24



Fig.

Fig. 5.4

The cells that have been constructed according to these requirements are shown in
figure 5.1 as technical drawing and in figure 5.2, 5.3 and 5.4 as pictures of the individu-
al parts. To withstand the load during compaction of the samples, the cell has a wall

thickness of up to 5 cm. The length of the assembled cell is about 37 cm and the total
weight is around 35 kg.
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53 Detail view of the sleeve nut

Detail view of milled surface in the top flange
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5.2 Crushed salt

Former projects investigated different aspects of crushed salt, including its suitability as
a sealing material for borehole seals in repositories for high-level waste (DEBORA pro-
ject /ROT 99/) and the relation between porosity and permeability (REPOPERM Phase
1 project /KRO 09/). The investigated crushed salt used in the projects DEBORA and
REPOPERM Phase 1 was extracted from the former Asse salt mine and is referred to
as Asse salt in the following. It is classified as the Hauptsalz of the Stassfurt-Folge
(z2HS).

For the diffusion experiments discussed here, crushed salt from the Hauptsalz of the
Stassfurt-Folge from the Grasleben mine could be obtained by courtesy of the europe-
an salt company GmbH & Co. KG (esco), Werk Braunschweig-Lineburg, and is re-
ferred to as Grasleben salt in the following. It originates from the same stratigraphic
formation as the Asse salt (z2HS) and the sampling location in the salt mine was care-
fully documented by the samplers of the esco company. In the course of blasting oper-
ations, heaps of debris normally accrue in a mine. Debris boulders of crushed salt are
approximately fist-sized. Still underground, the crushed salt was filled into wide-necked

barrels, made of polyethylene with a rubber seal and delivered to GRS.

Additionally, crushed salt from the Gorleben exploration mine could be obtained by
courtesy of the Deutsche Gesellschaft zum Bau und Betrieb von Endlagern fir Abfall-
stoffe mbH (DBE) and is refered to as Gorleben salt in the following. The material origi-
nates from the same formation as the Grasleben salt (z2HS). In a first step, a niche
was faced at the sampling site using a mill. The removed loose material was also trans-
ferred to wide-necked barrels, made of polyethylene with a rubber seal, after a few
hours. To avoid interaction with air and possible water uptake due to the contact with
air moisture, this was performed still being underground. A jaw crusher was deployed
to reduce the patrticle size of the crushed salt to less than 200 mm. The content of each

barrel was processed separately.

For some of the pretests (chapter 5.4.5), synthetic NaCl salt was used instead of the
Grasleben or Gorleben salt. This salt was provided by the company Sigma-Aldrich and
is referred to as Aldrich salt in the following. According to the product specification
sheet, the salt is 99.8 % NaCl (product number 31434).
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5.2.1 Grain size

The green line in Fig. 5.5 shows the grain size distribution of crushed Asse salt (data
from /KRO 09/). The grain size ranges from 0.063 to 8 mm. Accordingly, the Grasleben
and Gorleben crushed salt were sieved to the same grain size range (chapter 4.2). As
shown in Fig. 5.5 the grain size distributions of the three different salt samples are in
good agreement with each other. Thus it was decided not to adjust the crushed salt
sampled used in this work to the same grain size as determined for the Asse crushed
salt. All used samples of crushed salt were sieved and only the grain size fraction be-
tween 0.063 to 8 mm was used for further experiments.
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Fig. 5.5 Grain size distribution of the Grasleben and Gorleben crushed salt used in
this project compared to the grain size distribution of the Asse crushed salt
used in /KRO 09/

5.2.2 Mineralogy

The mineralogical composition of the Grasleben crushed salt was analysed by means
of X-ray diffraction (chapter 4.3). Main component is halite, minor components are an-
hydrite, gypsum, quartz and clay minerals. Equally, the Gorleben crushed salt was ana-
lysed for its main and minor components. In the Gorleben crushed salt, only halite and

anhydrite were detected with 84 % halite and 16 % anhydrite (see figure 5.6).
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Fig. 5.6 XRD spectrum of the Gorleben crushed salt

5.2.3 Gravimetric water content

The gravimetric water content w of the Gorleben crushed salt upon delivery was deter-
mined gravimetrically to be 0.05 %. It was again determined exemplarily for two sam-
ples one year later. Both samples showed a water content w of 0.06 %. It can be con-
cluded from the constant water that the storage containers were hermetically sealed

and the samples did not absorb moisture from the air.

5.3 Salt brine

Three different types of saturated salt brines were produced by dissolving salts in pure
water and applied in pretests and diffusion experiments: Grasleben, Gorleben and Al-
drich ones. In pretests and diffusion experiments applied salt brine was prepared from

the same crushed salt that was to be used in the respective experiment.
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5.3.1 Preparation

All brines were produced in the same laboratory room, where the pretests and diffusion
experiments were conducted, i. e. with the same boundary conditions in order to avoid
a later precipitation or dissolution of salt during the experiments as a result of changing
boundary conditions, such as the temperature.

For brine preparation, the grain size fraction of > 8 mm was used, i. e. the excess grain
size fraction from sieving (section 5.2.1), assuming the mineralogical composition re-
mains the same for all fractions. In a first step, the grains were milled using a jaw
breaker type Pulverisette 01.503 by Fritsch at the finest level. Salt brines were either
prepared in 51 or 10| silica glass containers by SCHOTT DURAN or in 120 | plastic
drums according to DIN EN ISO 20848-1 by MAUSER. For the small volume contain-
ers, salt was added to pure water in the container and then placed on a roller shaker by
Multifix for three days. For the large volume containers, salt and pure water were filled
into the container and then stirred well using a paddle stirrer type RW28W by IKA La-
bortechnik Janke & Kunkel for three days. In any way, it was taken care to always have
a residuum amount of salt remaining in the containers to ensure a complete saturation

of the brine with the different minerals of the respective salt.

Before utilizing the brines in any of the pretests or diffusion experiments, they were fil-
tered using general purpose filter paper with medium retention and flow rate, which is
routinely used for clarifying liquids. This way, insoluble components of the salt samples
(e. g. clay minerals, cf. chapter 5.2.2) as well as salt minerals remaining solid after a

complete saturation of the brines were removed from the brines.

Tracers (chapter 5.4) were added to the saturated brines after preparation and filtra-
tion. Here, only the silica glass containers by SCHOTT DURAN with 5| or 10 | volume
were used. The solution was stirred well with an IKA magnetic stirrer C-MAGHS4

(without active heating) until a complete dissolution of the respective tracer.

5.3.2 Characterisation of the salt brine

Results of a chemical analysis of saturated Grasleben brine are given in Tab. 5.1. As it
was expected, main elements are sodium and chloride; minor elements are potassium,
magnesium, calcium, and sulphate. Bromide and iodide concentrations were below the

detection limit.
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Tab. 5.1  Results of the chemical analysis of the saturated Grasleben brine

(<DL = below detection limit)

Element Concentration [mg 1] Concentration [mol 7]
Sodium, Na* 116.500 5.07
Potassium, K* 146.3 3.74-10°
Magnesium, Mg?* 169.5 6.97-10°
Calcium, Ca** 1.556 3.88-107
Chloride, CI 175.650 4.95
Bromide, Br <DL <DL
lodide, I <DL <DL
Sulphate, SO4* 4.207 4.29:10°

The chemical composition of the Gorleben brine shows a higher concentration of sodi-
um, but lower concentrations of potassium, magnesium and calcium (Tab. 5.2). Also,
the chloride concentration of the Gorleben brine is higher than that of the Grasleben
brine, while bromide, iodide and sulphate concentrations are all at a very low level or
not detectable. This shows that the Gorleben salt has a higher content of halite than
the Grasleben salt compared to other salt minerals, such as anhydrite and gypsum.

The chemical analyses of the Grasleben and Gorleben salts are also plotted in figure

5.7.

Tab. 5.2  Results of the chemical analysis of the saturated Gorleben brine

Element Concentration [mg 1] Concentration [mol ]
Sodium, Na* 123.667 5.38
Potassium, K* 58.4 1.49-10°
Magnesium, Mg?* 7.272 2.99-10*
Calcium, Ca** 1.193 2.98-10%
Chloride, CI 196.633 5.55
Bromide, Br 46.9 5.87-10*
lodide, I 0.02 5.87-107
Sulphate, SO4* 2.904 3.02-1072

The Aldrich salt is a synthetic pure salt. Because the provider indicates a pureness of
the NaCl salt of 99.8 % (section 5.2.2), it was decided not to analyse the salt brine and
it was assumed that it features only concentrations of sodium and chloride in a saturat-

ed state.
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Fig. 5.7 Chemical analysis of Grasleben and Gorleben brines

5.4 Tracers

Initially, it was aimed at using three different tracers in the diffusion experiment. Ideally,
those tracers would have chemically different characteristics. This way interactions be-
tween the tracers and the salt matrix can be observed and studied. Different chemical
characteristics are for example the chemical charge, the ionic radius and the hydration
number of the tracers. Additionally, interactions between the tracers have to be exclud-
ed in order to apply all considered tracers in the same experiments. In the first place, it

was intended to use the three tracers: iodide, caesium and uranine.

After conducting some pretests concerning the potential tracers to be applied, their
possible concentration and their detectability in salt brines, as well as concerning the
interactions between the tracers, only caesium was used in most of the experiments.
Additionally, iodide, selenium and neodymium were used in one other successful diffu-
sion experiment. In this chapter, the tracers that were actually applied in the diffusion
experiments presented in chapter 6 are described including their chemical characteris-
tics. Other tracers that were considered during the planning phase but were finally not
applied in the presented diffusion experiments.
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54.1 Caesium

The choice of caesium as a monovalent cationic tracer ion for the diffusion experi-
ments, which was made during the planning period of the project, was proven to work
well concerning the necessary experimental time. In order to work with a high caesium
concentration, and to avoid any interactions between different tracers, it was decided to
only use caesium as a tracer in most of the experiments. Only one other experiment

was run using the additional tracers iodide, selenium and neodymium.

Cs* was decided to be added to the source reservoir at a concentration of 1-:102 mol I,
which is below the high solubility limit of caesium-chloride in the tested saturated brines
/LID 05/. A diffusion coefficients of 20.7 10™° m*s™ for Cs" at infinite dilution in water
and a temperature of 25 °C is given in the literature /LI 74/. For the quasi steady-state
of the diffusion experiments, the concentration of Cs" in the sink reservoir was predict-
ed to be well above the respective detection limits. For the experiment with the tracer
cocktail, caesium was used at a concentration of 8.73-10* mol I"X. At this initial concen-
tration a steady-state concentration of 5.44-10° mol I* to be observed in the sink reser-

VOir.

Caesium was added to the source reservoir as Caesium chloride (CsCl).

5.4.2 lodide

The halogenide iodide was also considered as a possible tracer during the planning
phase. One successful diffusion experiment was run using the tracer iodide beside the
discussed tracer caesium and the two other tracers selenium and neodymium. Mono-
valent anionic iodide (I') is stable over almost the entire pH spectrum and has a high
solubility /LID 05/. The sorption of iodine on sediments is generally very low and there

is no complexiation of iodine, thus its environmental mobility is very high.

lodide was used at a concentration of 1.98-10° mol I'* in the experiment. A diffusion
coefficient for iodide of 20.0-10™° m? s™ at infinite dilution and a temperature of 25 °C is

given in the literature /LI 74/.

lodide was added to the source reservoir as Sodium iodide (Nal).
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5.4.3 Selenium

As divalent tracer anion for the diffusion experiments, selenium was chosen, which is
as °Se of relevance in long-term safety analyses of radioactive waste repositories and
is present in solution as selenite, SeO5”, or selenate, SeO,*, depending on redox po-
tential and pH. A source reservoir concentration of 1.30-10° mol I* was used for diffu-
sion experiments. Upon reaching the steady-state breakthrough, the corresponding se-
lenium sink reservoir concentrations are predicted by calculations to be at
3.72-:10° mol I'* assuming a sample length of 4 cm and a porosity of 4 %. A diffusion
coefficient of 9.5:10™° m? s for selenate at infinite dilution and a temperature of 25 °C
is given in the literature /LI 74/.

Selenium was added to the source reservoir as Sodium selenate (Na,SeO,).

544 Neodymium

In experimental studies related to long-term performance assessments of radioactive
waste repositories in rock salt, Nd(lll), as a representative element of the lanthanides is
used as a redox-invariant analogue for americium(lll) and plutonium(lll), which account
e.g. for over 80 % of the potential release from the U.S. Department of Energy Waste
Isolation Pilot Plant (WIPP) through the dissolved-brine-release mechanism, based on
current assumptions of WIPP performance assessment /BOR 08/. Neodymium(lll) sol-
ubility was measured in the latter study to lie above about 1-10° mol I'* in a 5 mol I
NacCl brine for values of the negative logarithm of the hydrogen ion concentration, pCyx,
below about 8. A Nd(Ill) concentration 2.99-:10“ mol I'* was used in the diffusion exper-
iments. A diffusion coefficient for neodymium of 6.2:10™° m? s for La(lll) at infinite dilu-

tion and a temperature of 25 °C is given in the literature /LI 74/.

Neodymium was added to the source reservoir as Neodymium(lll) chloride hydrate
(NdCIgXHzo)

545 Pretests

Several pretests were conducted concerning the characterisation of the sample materi-
al and the boundary conditions of the diffusion experiments. More precisely, these ex-

periments were related to the solubility of the tracers in saturated brine, possible inter-
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actions of the tracers with the brine and/or the crushed salt and the compaction of the

crushed salt.

Both the Grasleben brine and a synthetic NaCl brine (prepared from NaCl salt obtained
from the Sigma-Aldrich Co. LLC company, chapter 5.2) were analysed for their con-
tents of the three potential tracers iodide and caesium. The concentrations were below
the detection limits, which are given in Tab. 5.3. Thus, the tracer concentrations in the

brine will not be measurably increased by dissolution of the salt.

Tab. 5.3  Limits of determination for selected tracers (ICP-MS)
Isotope Detection limit [mg I"] Detection limit [mol 1]
lodide 0.01 8:10°®
Caesium 0.001 8:10°

To exclude sorption or precipitation during the experiments, a concentration of
1-10° mol I'* of each tracer was added to both the Grasleben brine and the synthetic
brine. Samples were taken immediately (t=0 days) and after two weeks time
(t = 14 days). Results are given in Tab. 5.4, Tab. 5.5 and Fig. 5.8.Tab. 5.5 and are vis-
ualized in Fig. 5.8. Differences in the tracer concentration after two weeks amount to
ca. 1%, which is below the relative standard deviation of the analyses. No interaction of
the tracers with the salt and/or the brine could be observed for the Grasleben and the

synthetic brine in this pretest.

Furthermore, the pretests showed that a concentration of 10 mol I"* is measurable us-
ing ICP methods even after a dilution of 1:10,000. In the following, the concentration to
be aimed at in the experiments will be defined for each tracer with respect to the pump-

ing rate and the detection limits.

Tab. 5.4  Results of the tracer interaction pretest with the Grasleben brine
Grasleben brine, t = 0 days Grasleben brine, t = 14 days
Element Concentration | Concentration | Concentration Concentration
[mg 1] [mol 1] [mg 1] [mol 1]
lodide 125.5 9.89-10" 124.9 9.84.10"
Caesium 132.2 9.89-10" 132.4 9.96-10"
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Tab. 5.5 Results of the tracer interaction pretest with the synthetic brine

Synthetic brine, t = 0 days Synthetic brine, t = 14 days
Element Concentration | Concentration | Concentration Concentration
[mg 1] [mol 1] [mg 1] [mol 1]
lodide 123.3 9.72.10™ 123.6 9.74.10™
Caesium 131.9 9.92.10™ 131.5 9.89.10™
1 6 0 ) 770680 DIKO:! lay

1 i Synthetic brine. t = 0 days -

I Synthetic brine. t = 14 days i
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Fig. 5.8 Results of the tracer interaction pretests with the Grasleben brine and the

synthetic brine
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6 Diffusion experiments

6.1 Orienting calculations

To estimate the boundary conditions of the diffusion experiments with regard to sample
length, experimental duration and time intervals of the sampling, orienting diffusion cal-
culations have been performed. The tracer flux to the sink reservoir g has been calcu-
lated using equation 3.3 assuming a fixed hypothetical tracer concentration in the
source reservoir of ¢; = 10 mol/m?. A different concentration would scale the calculated
flux linearly. The concentration in the sink reservoir has been calculated from the tracer

flux q from

(6.1)

assuming a porosity n of the sample of 4 %, a cross section of the sample A of
2:10 m? corresponding to a diameter of the sample of 8 cm and a pumping rate g, of
the brine at the sink side of the diffusion cell of 2.8-10° ml/min. All three values are re-
alistic values for the actual experiment. Differences in those values would scale the

calculated concentration in the tracer sink reservoir linearly.

Calculations first were performed regarding for a sample length of 8 cm, which was the
preferred length at the planning stage of the experiments. Diffusion coefficients consid-
ered for the tracer in the pore water ranged from 1-10™° m?/s down to 1-10™** m?%s.
Even for the highest diffusion coefficient considered, the time to establish steady-state
conditions for the concentration in the sink reservoir was estimated to be about one
year increasing to values of even several years for lower diffusion coefficients. As a re-
sult of these calculations, it was decided to reduce the sample length to only 4 cm. In
this case, the steady-state of the tracer concentration in the sink reservoir is expected
to be obtained after several months which is a more reasonable time span compared to

the project duration.

The calculated flux and expected concentration ¢, in the brine of the sink reservoir as-
suming three different diffusion coefficients and sample lengths of 0.04 m and 0.08 m
are plotted in Fig. 6.1. Since the tracer concentration in the sink reservoir is rising rap-

idly during the early phase it was decided to use a short sampling interval of two to
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three days during the early phase of the experiment which optionally can be extended

at a later stage of the experiment, when close to the steady-state.
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Fig. 6.1 Time-dependent flux (upper figure) and concentration of the tracer in the
sink reservoir (lower figure) for sample lengths of 0.04 m (solid lines) and

0.08 m (dashed lines) for three different diffusion coefficients
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6.2 Sample preparation

Crushed salt was delivered in wide-necked drums, made of polyethylene with a rubber
seal. The drums have a volume of 421 or 55| and are filled with ca. 50 - 60 kg of
crushed salt each.

Samples of the Grasleben crushed salt were taken using a sample divider type PT with
vibrating chute type DR by RETSCH. Samples of the Gorleben salt were taken without
a sample divider. Before taking samples from the drums, they were homogenized by
removing half of the content from one drum and filling it into a new drum. Both drums
were then stirred well until visual homogeneity and afterwards merged in one drum,

from which salt samples were then taken.

The mass of crushed salt m needed to produce the compacted salt sample is given by
m=@-n)-z-r’-1-p,, (6.2)

where n is the targeted final porosity of the compacted sample (e.g. n = 0.04) for the
diffusion experiment, r is the radius of the experimental cell (r = 4 cm), | is the preferred
final length of the compacted sample (I =4 cm) and p is the grain density of the salt
(o = 2.170 g/cm® /GEV 81/). Accordingly, a mass of about 420 grams of crushed salt is
used to produce a sample of a targeted porosity of 4 %. To enhance the compaction
process, 1% by weight of saturated brine is added to the crushed salt. The mass of salt
included in the saturated brine is added to the salt sample weight and is given by 27 %

by weight of the brine.

The loose crushed salt material is filled into the diffusion cell. During the compaction of
the sample of experiment number 12 it was tested to add a spacer between the bottom
plate of the cell and the crushed salt during the compaction process. The spacer was
again removed after the compaction was finished. This was done to obtain a void
space for the brine circulation during the diffusion experiment. The crushed salt sample
is compacted in the cell by applying pressure to the main plunger using a uniaxial
Amsler hydraulic press (see figure 6.2). In the first phase of the compaction process,
the force is automatically controlled and a constant force of 100 kN is applied to the
sample. In the second phase of the compaction process, the position of the plunger is
automatically controlled to obtain the targeted sample height. During the second phase,

the force is consequently lowered continuously. Exemplary data from the compaction
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process of sample number 6 is shown in figure 6.3 for the applied load and the calcu-
lated porosity of the sample. After the targeted sample height is reached, the sample is
kept at constant conditions for about one week to achieve constant conditions in the

sample.

After compaction of the sample, the cell is opened and the actually achieved length of
the sample is measured at different points using a caliper. In case the targeted final
length and porosity of the sample has not yet been reached, the compaction process is

continued.

In case the targeted porosity has been achieved, the crushed salt sample is saturated
with brine. Therefore, saturated brine is injected in one side of the cell under a constant
pressure of about 50 kPa supplied by a nitrogen gas bottle (see figure 6.5). The gas
bottle is connected to the headspace of a reservoir with brine which is again connected
to the cell. The outflow of brine from the other side of the cell sample is captured and
its mass is measured. The sample is regarded as being saturated as soon as the brine
outflow has reached a constant rate. The permeability k,, of the sample is measured
using the same setup. The permeability of the sample can be calculated from the mass
of the captured brine outflow g, using

K :qb+w:‘ (6.3)

where g, is the viscosity of the brine and Ap is the applied pressure gradient. An exam-

ple for the data received for pressure and brine flux is shown in figure 6.4.
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Fig. 6.2 Amsler hydraulic press for compaction of the samples
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Fig. 6.3 Temporal evolution of the applied load of the uniaxial press and the calcu-

lated sample porosity for sample 6

1 j 770680 DIKO! | ‘ ‘
] Brine flux [g/s] -
1 Pressure [Pa] - 10
0.8 —
b A\ /\ -
0.6 —
0.4 —
0.2 -
o T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘
0 20 40 60 80 100 120 140 160 180
Time [min]

Fig. 6.4 Exemplary curves for pressure and brine flux during permeability meas-

urement
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Fig. 6.5 Experimental setup during sample saturation and permeability measure-

ment
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6.3 Experiment execution

The diffusion experiments were conducted as through-diffusion experiments according
to /SHA 91/. A schematic illustration of the experimental setup is given in figure 6.6.
Photos of the actual experimental setup in the lab are shown in figure 6.7.

source side sink side

pump pUMp

IY1% 9904 %7, fr inlet sink
inlet and ] L J-~—j—¥' — reservoir,
outlet source tracer-free
reservoirs, brine
tracer
concentration
C, = const outlet sink
reservoir,
tracer
concentration
c, (t)

Fig. 6.6 Schematic illustration of the diffusion experiment setup (not to scale)

The experiments were conducted in a temperature controlled laboratory at a constant
temperature of about 25 °C. All brines used in the experiments described in the follow-
ing were saturated with Gorleben salt (see chapter 5.2) at 25 °C. The room tempera-
ture was kept at a constant value of + 2 °C to avoid dissolution or precipitation of salts
during the experiment (see figure 6.8). The diffusion cell features four connectors; two
at the source and two at the sink side. On both sides of the cell, brine was pumped
from reservoirs from the inlet to the outlet connectors. The diffusion cell was placed in
horizontal direction during the diffusion experiment to avoid advective fluxes through

the sample due to pressure differences.

44



The brine at the inlet source reservoir was spiked with the tracer. All experiments re-
ported used caesium as tracer. For experiment 6 a concentration of about ¢; = 110 mg/l
was used and for all other experiments reported a concentration of about
¢; = 1,500 mg/l was used. Experiment 6 additionally used selenium and iodine as trac-
ers. The brine is pumped from the inlet source reservoir to the outlet source reservoir at
a constant rate of about 0.1 cm®min. See figure 6.9 for the temporal evolution of the
pumping rate as determined from weighing of the sample bottles. The brine in the stor-
age vessel of the inlet sink reservoir is free of tracer. The brine is pumped from the inlet
sink reservoir to the outlet sink reservoir at the same rate as on the source side of the
experiment. The pumping rate was chosen identically at both sides of the cell to avoid
pressure differences and resulting advective fluxes from the source to the sink side of
the cell. This was achieved by using the same multichannel peristaltic pump for both

sides of the cell.

Due to the diffusive flux of the tracer through the compacted crushed salt sample from
the source side of the experiment to the sink side, the tracer concentration in the outlet
sink reservoir was increasing with time. The brine at the outlet sink reservoir was sam-
pled each two to three days (see figure 6.10). The actual brine flux at the sink side of
the cell was determined by weighing the amount of brine sampled and the brine was
analysed for the tracer concentration. The diffusive mass flux through the compacted

salt sample j; per area A can be calculated from

: :qb'cz

J A (6.4)

Where c, is the measured tracer concentration in the sink outlet reservoir and g, is

brine flux.
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Fig. 6.7 Photos of the diffusion experiment setup from front and above

The large bottles are the inlet reservoirs, while the small bottles are the

outlet reservoirs
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Fig. 6.8 Temporal evolution of the room temperature of the lab for a one-year time
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Fig. 6.9 Temporal evolution of the pumping rate for the experiments 8, 10 and 11
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6.4 Uncertainty analysis

For non-sorbing species, the diffusion coefficient D is determined in the steady-state

of the experiment (see chapter 2) from

D, —D, _\q_ M
C, ¢, Atp,

(6.5)
where my, ¢, and p, are the measured mass, concentration and density of the brine
captured at the outlet of the experiment during the period of sampling time interval .
Additionally / and A4 are the sample length and surface area, while c; is the concentra-

tion in the source reservoir of the experiment. The error of the measured diffusion coef-

ficient can be estimated from

OX, m,C Ic Im m,C
AD =) —LAX = —2 Al +—— Am, + — L AC, + — 22— AC, +
T OX c,Atp, c,Atp, c,Atp, c, Atp, (6.6)
m,C m,C m,C '
P AA+ 22 At+ —Ap,

c, A%, C,AL oy, C,Atp,
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The measurements uncertainties of the time interval, the mass of the collected brine
and the surface area of the sample are regarded to be small due to the high accuracy
of dedicated measuring process. The remaining contributors to the measurement un-
certainty of the diffusion coefficient are determined therefore by those of the length of
the sample (see also section 4.6), the measured concentrations and the density of the
brine. The error of the measurement of the tracer concentrations in the brine and the
brine density were both determined by repetitive measurement of a reference solution
—i.e. the reproducibility of the measurement — to be less than 1 per mil for the meas-
urement of the brine density, which is negligible, and about 10 % for the measurement
of the tracer concentration of Cs in the brine (figures 6.12 and 6.11). This is larger than
the actual accuracy expected for the ICP because of the high dilution of the brine sam-
ples of 1:200 to up to 1:200 000 before measurement to meet the acceptable limit of
chlorine and tracer concentrations of the measuring system (see also section 4.8.1).
The reference solution had to be diluted with a high factor at the upper end of the given
range, while the solutions from the sink reservoir are diluted with a factor of only 1:200.
Since the uncertainty is expected to increase with the dilution factor, the uncertainty is

expected to be less for the samples from the sink reservoir.

For typical values determined for the mentioned parameters and the given values of
the parameter uncertainties, a relative uncertainty of a single diffusion experiment and
the resulting effective diffusion coefficient of 200 % are estimated. The uncertainty can
be somewhat reduced by averaging repetitive measurements of the diffusion coefficient

during the steady-state of the same experiment.
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6.5 Results

Four diffusion experiments were successfully performed in a way that information on
the diffusion coefficient could be derived. Those four experiments were carried out us-
ing crushed salt from the Gorleben salt mine. The other salt types were only used for
preliminary experiments. For every sample, its length, porosity and brine permeability
were determined. An overview of the main sample properties is given in table 6.1. The
determined brine permeabilities are in the range expected according to /KRO 09/ as is
shown in figure 6.18.

In the following, the results of the experiments are presented as plots of the normalised
tracer flux from the sample to the sink reservoir versus experiment duration. The nor-
malised flux is derived by dividing the measured tracer flux through the sample — given
in milligrams of tracer per area of the sample in square meters and second of time — by
the concentration of the tracer in the source reservoir — given in milligrams per litre.
The normalised flux therefore has a unit of meters per second. The pore water diffusion
coefficient is directly proportional to the normalized flux. The proportional constant is
only depending on the geometrical parameters length and porosity of the sample,

which are expected to be temporally invariant for each of the experiments.

In addition to the measured data, one or more temporal evolutions of the expected flux
are presented in the figures as they are calculated for different diffusion coefficients in
the pore water according to Fick’s law /CRA 79/. The highest effective diffusion coeffi-
cient regarded in these calculations represents the one of Cs” in free water at infinite
dilution of Do = 2.1-:10° m?/s as given in /LI 74/ multiplied by the porosity of the sample;
the area above the associated line is shaded in grey in all figures. Data points plotting
in the grey area would either indicate an influence of advective flow in the experiment,
and therefore a malfunction of the experiment, or a discrepancy of the diffusion coeffi-
cient in the free water given in the literature to the one observed in the presented ex-

periments.

The uncertainty of the data plotted was estimated to be about 200 % by error propaga-
tion calculation of the contributing uncertainties. The most relevant uncertainty contrib-
uting to the overall uncertainty of the flux is resulting from the concentration measure-
ment. The uncertainty of the concentration measurement was determined as reproduc-
ibility by repetitive measurement of a reference solution to be about 10 %. This is con-

siderably larger than the analytical accuracy of the ICP measurement and is due to the
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high dilution of the brine samples of 1:200 to 1:200.000 before measurement to meet

the acceptable range of chlorine and tracer concentrations of the measuring system.

Tab. 6.1  Overview of main sample properties

Number Length [mm] Porosity [%] Permeability [m?]

6 40.6 2 310"

8 40.8 2 1-10™°

10 40.0 4 5-10°

11 40.0 4 1-10™°
6.5.1 Experiment 6

The experiment number 6 was started on the 24™ of September 2013 using caesium,
iodine, selenium and neodymium as tracers. The crushed salt sample was compacted
down to a porosity of about 2 %. There are 47 measurements available for the tracer
concentrations in the sink reservoir for an experimental duration of 110 days. The ex-
periment was terminated prematurely on 13" of January 2014. The reason was that
one of the inflow tubes was disconnected from the cell due to crystallization of salt
which resulted in a clogging. As a consequence, the sample was not in contact with
tracer solution for a few days. It was not possible to remove the clogging without open-
ing the cell and therefore terminating the experiment. The last brine samples taken
from the sink reservoir showed that an advective flow of brine from through the cell
from the source to the sink reservoir must have occurred. It is most likely that the be-
ginning clogging had led to a pressure increase in the system that consequently led to
the advective flow through the sample. For this reason the last measurements of tracer

in the sink reservoir were discarded.

The results of the tracer measurements before this incident are shown for caesium in
figure 6.13 and for iodine and selenium in figure 6.14. The tracer concentrations of ne-

odymium were too low to be reasonably evaluated.

This experiment within the uncertainty of the measurement shows a caesium flux into
the sink reservoir which indicates a diffusion coefficient in the pore water which is in
good agreement with the diffusion coefficient in the free water (see section 5.4.1). The
same tendency can be seen for iodine and selenium, however the fluctuation in the

values are quite high, which at least partly can be attributed to analytical uncertainties.
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6.5.2 Experiment 8

The experiment number 8 was started on the 17" of December 2014 using caesium as
tracer. The crushed salt sample was compacted down to a porosity of about 2 %.
There are measurements available for the tracer concentration in the sink reservoir for
an experimental time of 340 days until the project ended. The results are shown in fig-
ure 6.15. The tracer concentrations in the sink reservoir reached measureable values
for some time, but stayed below the detection limit for most of the time of the experi-
mental procedure. This behaviour clearly contradicts the expected result for the diffu-
sion of a tracer in a porous medium and also is in contrast to the result of experiment

number 6.

This effect cannot be explained by assuming a tracer transport by diffusion in a tempo-
rary invariant pore space and / or under temporally invariant experimental conditions.
Quite the contrary, this behaviour indicates that the pore space is not interconnected
over the full time span of the experiment and consequently not allowing for an undis-
turbed diffusion of the tracer. Still, the rapid increases and decreases of the tracer con-

centration in the reservoir are hard to explain.
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6.5.3 Experiment 10

The experiment number 10 was started on the 25" of February 2015 using caesium as
tracer. The crushed salt sample was compacted down to a porosity of about 4 %.
There are measurements available for the tracer concentration in the sink reservoir for
an experimental time of 300 days until the project ended. The results are shown in fig-
ure 6.16. The tracer concentrations in the sink reservoir reached measureable values
for a short time after 40 days and then again after 60 days. With some smaller interrup-
tions, the tracer concentration in the sink reservoir is detectable between 60 days until
about 240 days of the experiment and shows rather constant values during that time,
but then stops again until the end of the experiment.

Like the experiment number 8, this experiment also shows a behaviour which deviates
from the expected behaviour as observed in diffusion experiments with other porous
media like clay.
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6.5.4 Experiment 11

The experiment number 11 was started on the 30" of January 2015 using caesium as
tracer. The crushed salt sample was compacted down to porosity of about 4 %. There
are measurements available for the tracer concentration in the sink reservoir for an ex-
perimental time of 320 days until the project ended. The results are shown in figure
6.17. The tracer concentrations in the sink reservoir reached measureable values for
some time after only 18 days and with some smaller interruptions continued to show
measurable concentrations until the end of the project. The diffusion process seems to
be in steady-state after a bit more than 100 days.

This experiment has similarities to both, experiment 6 with a rather expected behaviour
and experiments 8 and 10 with an unexpected behaviour. Like for experiment number
6, this experiment within the measurement uncertainty shows a caesium flux into the
sink reservoir which indicates a diffusion coefficient in the pore water which is in
agreement with a diffusion coefficient in the free water. However, this experiment like
the ones number 8 to 10 also shows some gaps in the tracer flux which is not in

agreement with this finding.
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6.6 Conclusions from the experiments

Four experiments have resulted in a long time series of measured tracer concentra-
tions in the sink reservoir. These are the experiments numbers 6, 8, 10 and 11 using
crushed salt from the Gorleben salt mine. Additional experiments in the beginning of
the project failed, predominantly due to experimental problems mainly arising from the
necessity to use saturated sodium-chloride brines, which resulted in crystallisation and
clogging of tubes and fittings or in the inner bores of the diffusion cell. The gradually

enhanced experimental setup allows the realization of reliable diffusion experiments.

The porosity of the four samples investigated is either two or four percent. Within the
measurements uncertainty, the permeability values determined for these samples are
in the range expected of previous experiments as shown in figure 6.18. Therefore
those four samples are considered to be representative for compacted crushed salt of
the measured porosity.
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For comparison, the results of the experiments 6, 8, 10 and 11 are plotted together in
Fig. 6.19. Looking at the results obtained from the four experiments available for evalu-

ation, it has to be concluded that all four experiments show a remarkable different be-
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haviour and all yield unique concentration versus time plots. It has to be clearly said
that the number of experiments is too small and the results are too different to allow re-
liable general conclusions. Nevertheless, a tentative explanation is proposed for the

observations in the following, which however has to be regarded at least partly specu-

lative.
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Fig. 6.19 Comparison of the result of experiments 6, 8, 10 and 11

The experiment 6 meets very well the expected behaviour for diffusion experiments.
This experiment shows a constant increase of the caesium flux from the source to the
sink reservoir, which within the uncertainty is in good agreement with the expected evo-
lution from transport by diffusion. The effective diffusion coefficient calculated from this
experiment indicates that the diffusion in the pore space occurs with the same diffusion
coefficient as in free water. No significant effect of a tracer-matrix interaction — as it is
known for example for anion exclusion in clays — can be noticed from the data. Unfor-
tunately, experiment 6 was terminated prematurely before the steady-state was
reached due to a clogging of the brine inlets of the diffusion cells due to crystallisation
of NaCl, but the experimental duration was still long enough to confirm these state-
ments. This experiment clearly shows that the diffusion of caesium in the pore water of
compacted salt grit of a porosity of 2 % is not retarded compared to the diffusion in free
water. The high diffusion coefficient measured cannot be explained by analytical or ex-
perimental artefacts. Accordingly, no effect can be expected for higher porosities, but
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only for lower porosities. From this experiment alone it already can be concluded that
modelling of diffusion of caesium in the pore space of compacted salt grit has to use

the value of the diffusion coefficient of caesium in free water to be realistic.

The experiment showing results qualitatively closest to those of experiment 6 (porosity
n = 2 %) is experiment number 11 (n = 4 %). Experiment 11 also yields tracer fluxes in-
to the sink reservoir with a magnitude as expected from diffusion in the pore water with
the same diffusion coefficient as in free water. On the other hand it shows an unex-
pected effect: a very rapid decrease und subsequent increase of the tracer flux. In-
between the time of decrease and increase, the tracer flux was significantly lower for
some time or not detectable at all. This behaviour is in disagreement to the typical re-
sults obtained from through-diffusion experiments with other porous media.

An even more pronounced effect of high fluctuations in the tracer flux was also ob-
served in the experiments number 8 (n =2 %) and 10 (n =4 %). These two experi-
ments show long time intervals during the experiment where no or only a small tracer
flux to the sink reservoir is observed. The maximum flux observed in those two experi-
ments is lower than that in experiments number 6 and 11, i.e. lower than the flux ex-
pected for pore diffusion like in free water. The observed effect seems to be independ-

ent from the initial physical porosity. The reason for this effect might be

1. that in contrast to experiment 6 the diffusion process in this case is affected by an

interaction of the tracer and the salt or

2. that the pore space in those two samples is not fully connected or accessible for
the diffusion process and therefore the porosity determining the effective diffusion
coefficient is lower than the physical porosity calculated from the compaction pro-

cess.

The latter explanation seems much more reasonable to us, because the tracer used
was the same in all experiments and the temporal development of the measured con-
centration in the experiments 8 and 10 does not fit to the expected behaviour if lower

diffusion coefficients would be responsible for the effect.

This does not explain the high fluctuation of the determined fluxes with measured con-
centrations in the sink reservoir even below the detection limit. This obviously contra-

dicts the idea of a homogenous and temporal invariant porous medium. We interpret

59



those fluctuations with a continuous dissolution and recrystallization of the salt in the

sample resulting in a continuous restructuring of the pore space.

Recrystallization of salt has been observed for rock salt samples and is reported in the
literature. Olander and other authors studied the movement of fluid inclusions in rock
salt due to dissolution and crystallization in a temperature gradient field e.g. /OLA 84/.
But even without the presence of a temperature gradient, the movement of water in
rock salt due to recrystallization has been reported /TER 05/, /JURA 86/. However, to
our knowledge there are no publications which report this effect for compacted crushed

salt.

The following effect is assumed: The restructuring of the pore space seems to lead to
closed areas of pore water in the sample which may open up again after some time.
The recrystallization of the salt in the crushed salt sample can even lead to a complete-
ly closed pore space for some time. If parts or even all of the pore space are closed in
a way that the diffusion front is not able to move forward anymore, but is still connected
to the source reservoir it may lead to the effect that the tracer concentration in this area
is increasing with time. When this area opens up again towards the sink reservoir this
may lead to comparably fast increase and high fluxes to the sink reservoir, since the
concentration gradient between the mentioned area and the sink reservoir is higher

than expected in the normal case.

This behaviour is schematically illustrated in figure 6.20. The left picture (i) depicts the
normal behaviour of diffusion in a porous medium. In the horizontal direction, a concen-
tration profile establishes according to the diffusive front propagating through the sam-
ple with high concentrations at the boundary to the source reservoir (left hand side) and
low concentrations at the sink reservoir (right hand side of the sample). In the vertical
direction, the concentration is equally distributed all over the whole cross section of the
sample. The middle picture (ii) shows the situation if part of the sample is isolated from
the rest of the sample. This part is indicated by the red line. In this case, the concentra-
tion in the isolated part increases until the concentration at point (A) is equal to point
(B), because there is no tracer flux from this part towards the sink. The flux to the sink
is accordingly decreased by the same percentage as the proportion between the cross-
section of the isolated part and the sample. The right picture (iii) shows the situation if
the area opens up again towards the sink reservoir. In this case, the gradient between
point (A) and the sink reservoir is higher than at a comparable point outside the isolat-

ed part of the sample, leading to an increased flux to the sink reservoir. A potential ad-

60



ditional diffusive flux in vertical direction from the previously isolated area is not depict-
ed in (iii).

However it cannot be ruled out that these processes occur on the sample surface to-
wards the source or sink reservoirs leading to a sealing of these surfaces and therefore
have to be regarded as an experimental artefact. In that case, the effect would have to
occur on the sink reservoir side of the sample, since if precipitation occurs resulting in a
sealing of the sample inlet side, the distance for diffusion to the sink reservoir would be
too long and the diffusive transport too slow, to result in such dramatic flux variations

as observed in the experiments.

Permeability measurements have been repeated on the samples 8, 10 and 11 a sec-
ond time after finishing the diffusion experiments. These measurements have shown
no reduction in the permeability values compared to the initial measurements. This
finding contradicts the possibility of a permanent blockage of the pore space. This be-
haviour also suggests the possibility of a precipitation of salt on the sink sample side

which is removed during the permeability measurement.

Source sink

Fig. 6.20 Schematic illustration of diffusion in the pore space of compacted crushed

salt

Very long time frames are regarded in long-term safety assessments. During such time
frames, diffusive transport processes may dominate the radionuclide release from the
containment-providing rock zone. The project DIKOSA was started to contribute to the
answer of the question about how the diffusion of radionuclides takes place in the
compacted backfill of a repository in salt. There have been new results achieved in
DIKOSA which suggest that the diffusion in compacted crushed salt is not fully compa-

rable to those in a homogeneous, temporally stable porous medium like sand or clay.
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With results from four experiments, the existing data basis is however far too small to
make reliable statements on how to consider diffusion in the compacted crushed salt in
long-term safety assessment calculations in the future. The experiments suggest that
the diffusion might be affected in a way that the diffusive radionuclide flux in the pore
space of the compacted crushed salt is lower than in free water, but not necessarily by
the reduction of the diffusion coefficient, but by the reduction of the accessible pore
space. Long-term safety assessment calculations should continue to use the diffusion
coefficient in free water to consider diffusion of radionuclides in the pore water of com-
pacted crushed salt as long as no additional results are obtained. A larger number of
experiments will be needed to improve the statements made. Additional experiments
could be performed:

- to improve the data basis: this would need a larger numbers of experiments us-
ing the same tracer,

- to determine the effect of the species: this would need additional experiments
with other tracers,

- to determine the long-term behaviour: this would need experiments for a much
longer time span, to investigate if the recrystallization tends to close the pore
space of the samples with time or if the pore space just restructures, but stays

open.

As overall conclusion it has to be clearly stated that the results achieved in the experi-
ments numbers 6 and 11 show that no reduction of the pore diffusion coefficient could
be observed at a low porosity of 2 %. A potential long-term reduction of the diffusive
flux due to structural changes in the pore space leading to a partial sealing of the pore
space will be difficult to justify for the long-term. Therefore, the approach used in the
long-term safety assessment so far remains valid: The diffusion of radionuclides in the
pore space of compacted crushed salt occurs with the same diffusion coefficient as in
free water. The diffusive flux however, is of course reduced linearly with the decreasing
porosity due to the reduction of the effective cross-sectional area as given in equation

2.2 by Fick’s law for porous media.
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7 Integration of the results in a safety assessment code

The integrated safety assessment code LOPOS (Loop structures in repositories) has
been developed by GRS to simulate the one-dimensional, single-phase transport pro-
cesses in the repository mine of a nuclear waste repository in salt /HIR 99/. A simula-
tion includes the calculation of the inflow of brine from the overburden, through the
mine to the emplaced waste, the mobilisation of the radionuclides from the waste ma-
trix and the transport of the radionuclides through the repository mine up to the shaft
top /REI 16/.

For modelling the transport in the repository mine, the mine is virtually broken down in-
to segments, each representing parts of the mine. These segments are linked in all six
directions in space to ring-shaped paths finally representing any potential structure of a
repository mine. In each of the segments the relevant processes like convergence of
the salt host rock, reduction of void spaces and compaction of the backfill are simulat-
ed. Different segment types exist for open or backfilled spaces, drift, seals, shafts, em-
placement locations and more to represent the different processes that have to be ac-

counted for.

The fluid pressure, brine flow and radionuclide transport are calculated simultaneously
by a non-linear balance equation for all segments on the basis of the equation of conti-
nuity. In porous media like backfilled drifts, a flow according to the Darcy law is as-
sumed, while in open spaces a flow according to the equation by Hagen-Poiseuille is

modelled.

The radionuclide transport between the different segments is simulated by the transport
equation according to the method of finite elements with variable time stepping. As
transport mechanisms advection, dispersion and diffusion and if applicable convection
are taken into account. The discretisation of time is controlled by stability criteria of the

equation solver.

It was initially planned to further develop the LOPOS code, to consider the dependency
of the diffusion coefficient of the crushed salt porosity in the calculation of the diffusive
transport. At the current stage, the diffusive flux is directly proportional to the porosity of
the crushed salt as described by Fick’s law, but the diffusion coefficient itself is inde-
pendent from the porosity. Two steps were performed during the project to prepare the
LOPOS code development:
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1. Analysis of the influence of the diffusion coefficient on the radionuclide
transport: Already with the current LOPOS version, the influence of the new re-
sults can be estimated by running several individual simulations for appropriate
ranges of diffusion coefficients. Additionally, separate simulations may be run for
different stable tracers of representative elements with a range of appropriate diffu-

sion coefficients.

2. Analysis of the LOPOS code: The diffusion coefficient is used for the calculation
of the radionuclide transport in different code subroutines. A detailed analysis of
the code and the data structures was needed to plan the development work of the
LOPOS code.

The following two subsections describe the two steps undertaken prior to the actual
development work. Due to the experimental result which did not yield a direct relation-
ship between the value of the diffusion coefficient and the porosity of the crushed salt,
the implementation of such a relationship in the LOPOS code was not carried out:
Long-term safety assessment calculations should use the diffusion coefficient in free
water to consider diffusion of radionuclides in the pore water of compacted crushed salt

as long as no additional results are obtained.

7.1 Analysis of the influence of the diffusion coefficient

Due to the complexity and large amount of work needed for the analysis of the influ-
ence of the diffusion coefficient value on the radionuclide transport out of a nuclear
waste repository in salt, synergetic effects have been used and the work was conduct-
ed in cooperation with the project ISIBEL-11 /BUH 16/. The project ISIBEL-II calculated
integrated long-term safety assessment based on the preliminary safety assessment of
the Gorleben site (VSG) /LAR 13/. The following chapter only summarized the most
important results relevant for the topic under investigation here. A detailed description

of the input data, model assumptions and of other results can be found in /BUH 16/.

The simulations have been performed with the code package RepoTREND (Transport
and Retention of Non-decaying and Decaying contaminants in final Repositories)
/REI 16/ from which the modules LOPOS and BioTREND have been used. The seg-
ment structure shown in figure 7.1 for the near-field is based on the one used in the

project ISIBEL /BUH 08/ and was modified according to the repository concept devel-
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oped in VSG /BOL 12/. The input data is also based on the VSG and is not listed in the
following, but can be found in /BUH 16/.

RN-O5

RN-W2 RN-VW 2.200m
[wiB[ RN-WIA | [ RN-O1 | RN-02] RN-O3 | RN-04 | ; [ RN-06 | RN-O7
aw2 1 QoM ao1]] a0z Q03| Qo4
ES- ES- ES- ES- z
— @ QO1b Qo2 Qo3 Q04 @
RS-VW AWV gs-vo
Rs-W3[RS-W2 | RS-W1 INFRA-B | | Rs-01 ] Rs-02] Rs-03] Rs-04 5 | Rs-06 RS-07
RS05
DICHT-U Ost12  Ost11  Ost10-4 Ost 3-1
vertikal)
L

Fig. 7.1 Segment structure of the LOPOS model (not to scale)

Since the flow of brines grinds to a halt at late times, advective transport does not play
a role on the long-term and the radionuclide transport is dominated by diffusion. The
value of the diffusion coefficient therefore is expected to be of high relevance. In the
reference case, a diffusion coefficient which is independent of the porosity of the
crushed salt was used and a value of 1.5-10° m?s was assumed, which is close to the
expected value for caesium (see section 5.4.1). In the probabilistic simulations, a
bandwidth of 1-10° to 2-:10"° m?%s with a uniform probabilistic density function was con-
sidered to reflect the uncertainty. These values are in the range of the diffusion coeffi-
cients in free water and comply with the findings in the DIKOSA project and the state-
ment given above that term safety assessment calculations must conservatively use
the diffusion coefficient in free water to consider diffusion of radionuclides in the pore
water of compacted until additional results are obtained. In the VSG project a lower
value of 1-:10™ m?%s was used /LAR 13/. The results are presented as RGl-value (Ra-
diologischer Geringfugigkeitsindex) /MOE 12/, which gives the ratio of the determined

dose value compared to a regulatory limit.

The probabilistic simulation shows a variation of the calculated maximum RGI index of
about one order of magnitude for the variation of the diffusion coefficient by a factor of
two as can be seen from figure 7.2. The sensitivity analysis clearly shows that the dif-
fusion coefficient is the most significant parameter for the RGI value as can be seen
from the contribution to sample mean (CSM) plot shown in figure 7.3. A what-if case
considering much lower diffusion coefficients confirm these findings. All these results
clearly show the high relevance of the diffusion and thus the diffusion coefficient on the
radionuclide transport and the need for the reduction of uncertainty of the diffusion co-

efficient.
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Fig. 7.2 Scatterplot for the variation of the RGI indicator in relation to the diffusion
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7.2 Analysis of the LOPOS code

The current version of LOPOS was analysed to plan the development work to imple-
ment a porosity dependent diffusion behaviour. The diffusion coefficient is used in the
simulation in two different respects: On the one hand it influences the radionuclide dis-
tribution within the segments, and on the other hand, it is used for calculating the trans-
fer between the segments. These two effects are implemented in different routines in
LOPOS, which has to be accounted for in the correct parameter description of all re-
spective routines. At this stage, the diffusion coefficient is dependent on the tempera-
ture, but the same diffusion coefficient is used for all radionuclides and no dependence
of the pore diffusion coefficient on the porosity of the backfill is regarded /HIR 99/.

An extension of the program code LOPOS in order to regard the varying diffusion coef-
ficient would imply the need of additional input parameters. Therefore, not only the re-
quired changes to the code LOPOS, but also to the user interface XENIA /REI 16/ will

be explained in the following.

The dependence of the diffusion coefficient on the porosity will be accounted for by a
new routine. In a first step, the diffusion coefficient will be provided as a table with a
varying number of parameter values. In between these points, LOPOS will interpolate
the diffusion coefficient linearly, outside these points the nearest value will be used.
The influence of the new implementation of the diffusion coefficient on time integration

schemes needs to be considered.

The current computation procedure of the radionuclide transport in LOPOS is depicted
in figure 7.4. The left column lists the involved variables and the right column lists the
related computational steps of the routine CLOPOS as well as subsequently called rou-
tines labelled with (:). The variables are either valid only locally or available for each
routine that uses the same CommonBlock. To some extend they allocate memory for
each nuclide, each segment and each spatial direction (bold letters refer to the no-
menclature in the following figures) already. The coloured arrows indicate whether the
variables are read only (red) or are also being modified (green). Binoculars represent

the link to the more detailed following figures (e. g. Call LoSeg).

The diffusion coefficient is currently stored in the field of element specific parameters
RBPY. When the diffusion coefficient is element specific, the terms RSLD, RSLT, cal-
culated by the routines LOSLAD, LOSLAT, and also the interim variable RUSY will be
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element specific as well. The increase of their dimensionality has to be taken into ac-
count in all involved routines in order to also make the variables RUNY, RONY element

specific.

Details of the computation in the routine LoSeg (figure 7.5) show that the increase in
dimensionality of RUSY also impacts further interim variables RISY, RIZY and RINY.
The variables of the CommonBlock are used in other routines as well, which are not
shown here like the routines for the control output and initialization. The implementation
of the dependence of the diffusion coefficient on the porosity and the respective ele-
ment requires extensive changes of the codes in numerous computations, dimensions
and transfer lists, namely by modifying the variables of the CommonBIlock. An alterna-
tive approach to minimize the required changes would be to introduce new auxiliary
variables. This way the computation procedure for RUNY shown in figure 7.4 will still
consider the modified, element specific diffusion coefficient without running the risk of
accidently skipping single interim variables. Disadvantages of this implementation
would be the twofold computation of the variables and the lack of the possibility to write

the newly introduced interim variables in any output file.

The local modification of the diffusion coefficient and its application for the computation

of the radionuclide transport within the segments is finally depicted in figure 7.6.

The user interface XENIA requires the provision of a table of diffusion coefficients as a
function of specific elements and porosities. The dimension of this table will persist, on-
ly the number of values will increase. Technically, the input of the element specific and
porosity dependent diffusion coefficient may be realized like for other element specific
parameters by the XENIA module elementdata-NF (nearfield). The number and the re-
spected set of values may vary in the XENIA user interface. In LOPOS, this number is
limited due to static variable allocation. The dynamic structure of the XENIA input mask
is used to specify the parameters rather than using an external provision of data en-
gaged for the geological temperature profiles input, e. g. The user may define an op-
tional number of parameters of the same type. The measured diffusion coefficients will
be employed for a number of future simulations. Thus it is favourable to store the data
in a data base in order to avoid their repeated error-prone input. The universal diffusion
coefficient used so far will be maintained for those radionuclides, which are not specifi-
cally listed in the data base. It will be ensured, that besides the new implementation of
the diffusion coefficient, the conventional handling of the diffusion coefficient will also

be still applicable.
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8 Résumé

Recent safety assessments for high-level nuclear waste repositories in salt host rock
have shown that in the reference case, with the proven integrity of the barriers, a con-
tact of significant volumes of brine with the waste is generally to be expected only at
such a point in time, when the convergence of the openings has already reached its fi-
nal state /LAR 13/, /BUH 08/ and /BUH 16/. In this case, no flow of brines out of the re-
pository by displacement from convergence occurs. Consequently, no advective
transport of radionuclides in the brine occurs likewise and the diffusive transport pro-
cess may dominate the radionuclide release from the containment-providing rock zone.
Hence, the diffusion coefficient of the radionuclides in the pore water of the compacted

crushed salt is the most sensitive parameter for the radionuclide flux from the reposito-

ry.

In case of a repository in a salt formation, the medium in which the diffusive transport
takes place is the crushed salt used as backfill in the drifts, as the host rock itself is im-
permeable. The crushed salt is emplaced with a porosity of 30 % or more and is com-
pacted with time to a porosity in the range of 1 % or less by the convergence of the salt
rock. The pore space is at least partially filled with saturated brine solution. So far, dif-
fusion coefficients like in the free water have been applied for the diffusion in pore wa-
ter in models for long-term safety assessments. This conservative assumption was
used, since data for the diffusion coefficient of dissolved substances in crushed salt
have been missing. Furthermore, the diffusion coefficient in the pore water was as-
sumed to be constant and independent from the porosity of the crushed salt since this

dependence was not investigated before.

This report for the first time presents measurements of diffusion coefficients of pollu-
tants in the pore water of compacted crushed salt by through-diffusion experiments.
Although this method is rather common, the use of salt and saturated saline solutions
involved a number of difficulties which demanded for a further development of the
method. This comprises the design and construction of the diffusion cells. To withstand
the high pressures during the crushed salt compaction and corrosion potential of the
saturated sodium chlorine brines, the cells were manufactured using titanium with a

wall thickness of up to 50 mm, resulting in rather large and heavy cells of 35 kg.

The major issue working with salt and saturated brines was the effect of dissolution and

precipitation. Precipitation of salts from the brine sometimes resulted in crystal growth
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in tubes and in the cell and consequently resulted in the blocking of the brine flow. Dis-
solution can potentially result in alteration of the salt sample surface. Consequently,
temperature control was established in the dedicated laboratory area resulting in a
temperature variation less then £ 2 °C. Eventually, it is not sure whether the tempera-
ture stability was sufficient (see below) or whether better temperatures control is need-

ed. This however, would need large costly boxes to be used.

All diffusion experiments were all carried out with caesium as tracer. In one of the ex-
periments, additionally iodine and neodymium were used. Although many of the exper-
iments failed due to experimental problems, the developed method has shown to be
suitable to determine the diffusion coefficients. Four experiments have finally succeed-
ed to result in long time series of a measured tracer concentration and yielded estima-
tions of the diffusion coefficient of caesium in the pore water of the compacted crushed
salt samples with a porosity of two and four percent respectively. The permeability val-
ues determined for these samples are in the expected range from previous experi-

ments.

The results obtained from the four diffusion experiments show a remarkable different
behaviour and all yield unique concentration versus time plots. One experiment shows
a constant increase in the determined flux of caesium from the source to the sink res-
ervoir, which within the measurement uncertainty is in good agreement with the ex-
pected evolution from transport by diffusion. The effective diffusion coefficient calculat-
ed from this experiment indicates that the diffusion in the pore space even at a low po-
rosity of 2 % occurs as in free water. No significant effect of a tracer-matrix interaction
—as it is known for example for anion exclusion in clays — can be noticed from the data.
Likewise, no reduction of the pore diffusion coefficient can be expected for higher po-
rosities, but only for lower porosities. From this experiment alone it can be concluded
that modelling of diffusion of caesium in the pore space of compacted salt grit has to

use the value of the diffusion coefficient of caesium in free water to be realistic.

The other three samples show an unexpected effect: A rapid decrease und subsequent
increase of the tracer flux. Between the decreases and increases, the tracer flux de-
termined was significantly lower or was even not detectable at all. Two experiments
show long time intervals during the experiment with no or only a small tracer flux to the

sink reservoir.
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This behaviour is in disagreement with the typical results obtained from through-
diffusion experiments with other porous media. It obviously contradicts the idea of a
homogenous and temporally invariant porous medium. We interpret the fluctuations to
result from a continuous dissolution and recrystallization of the salt in the sample ac-
companied by in a continuous restructuring of the pore space. It however cannot be ful-
ly ruled out that these processes occur on the sample surface and have to be regarded

as an experimental artefact.

As overall conclusion it can be stated that the results achieved in the experiments sug-
gest that no reduction of the pore diffusion coefficient occurs even at a low sample po-
rosity of 2 %. A potential long-term reduction of the diffusive flux due to structural
changes in the pore space leading to a partial sealing of the pore space might exist, but
will be difficult to justify for the long-term. Therefore, the approach currently used in the
long-term safety assessment to use a diffusion coefficient for free water for modelling
pore diffusion in the pore water of crushed salt remains valid: The diffusive flux howev-
er, is reduced linearly with the decreasing porosity due to the reduction of the effective

cross-sectional area according to Fick’s law for porous media.
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Construction design of the diffusion cells
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Construction design of the diffusion cells: General assembly drawing and

exploded view /INF 11/

The diffusion cells were designed and manufactured by the company InfraServ Wies-
baden Technik GmbH & Co.KG /INF 11/. The following constructional drawings were

prepared by InfraServ.

A.

Fig. A.1
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Pos. 2. of the diffusion cells. Positioning within diffusion cell given in the
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general assembly drawing in Fig. A.1 /INF 11/
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Pos. 4. of the diffusion cells. Positioning within diffusion cell given in the
90

general assembly drawing in Fig. A.1 /INF 11/

Fig. A.4




FARHONHIRA Y PRSI S8 DRTBH e

Trmalell DT 19 few-dvd F P|%E. !hzaiﬁlﬁﬂ.wm”ﬁ_ﬁ R RITE LR LT
. . 4 v
£ S04 abejuigpe=nl AjageilU o (ungeq) e
st | o ] .

I L i o S ] Wl ]

wHaoHeofeol | [Woiz]/ ] _a_..m_a 0754 = ..E.zm_.cwm F [EERY) e y1ang Bunbugsag anz ageblaly
L T =2 )
L :?_ REEE |ynapans] SR .%uﬂ 1 L]

EE/M0LOING | IO UBHL SEQL'E (IRIH3RH

o 7 5

T

o

ke
&

V- Eugas

Pos. 3. of the diffusion cells. Positioning within diffusion cell given in the
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general assembly drawing in Fig. A.1 /INF 11/
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general assembly drawing in Fig. A.1 /INF 11/
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